Heat shock protein 90 (Hsp90) is a highly conserved ATP-dependent molecular chaperone that is essential in eukaryotes. It is required for the activation and stabilization of more than 200 client proteins, including many kinases and steroid hormone receptors involved in cell-signaling pathways. Hsp90 chaperone activity requires collaboration with a subset of the many Hsp90 cochaperones, including the Hsp70 chaperone. In higher eukaryotes, the collaboration between Hsp90 and Hsp70 is indirect and involves Hop, a cochaperone that interacts with both Hsp90 and Hsp70. Here we show that yeast Hsp90 (Hsp82) and yeast Hsp70 (Ssa1), directly interact in vitro in the absence of the yeast Hop homolog (Sti1), and identify a region in the middle domain of yeast Hsp90 that is required for the interaction. In vivo results using Hsp90 substitution mutants showed that several residues in this region were important or essential for growth at high temperature. Moreover, mutants in this region were defective in interaction with Hsp70 in cell lysates. In vitro, the purified Hsp82 mutant proteins were defective in direct physical interaction with Ssa1 and in protein remodeling in collaboration with Ssa1 and cochaperones. This region of Hsp90 is also important for interactions with several Hsp90 cochaperones and client proteins, suggesting that collaboration between Hsp70 and Hsp90 in protein remodeling may be modulated through competition between Hsp70 and Hsp90 cochaperones for the interaction surface.
H eat shock protein 90, Hsp90, is a highly conserved and abundant ATP-dependent molecular chaperone (1) (2) (3) . It is found in most organisms and is essential in eukaryotes. Hsp90 functions in a wide variety of cellular processes by facilitating protein remodeling and activation of more than 200 client proteins (1) (2) (3) (4) . In yeast, as in many eukaryotes, there are two cytosolic Hsp90 isoforms, Hsp82 and Hsc82. Hsp82 and Hsc82 are 97% identical in sequence (Fig. S1 ), with differences in 16 amino acids. In addition, Hsp82 has a five amino acid insertion and a single amino acid deletion, compared with Hsc82. Cells expressing Hsc82 or Hsp82 as the sole source of Hsp90 are viable under both optimal and stress conditions (5) . Hsp82 is up-regulated ∼20-fold under heat stress and other stress conditions, while Hsc82 is constitutively expressed and makes up 1-2% of the total cellular protein (5) .
Protein remodeling and activation by Hsp90 requires the participation of various Hsp90 cochaperones and the Hsp70 chaperone (3, 4, 6) . Various clients require different subsets of cochaperones for remodeling, and the specific functions of many of the cochaperones are not fully understood (3, 7, 8) . Structurally, Hsp90 is a homodimer with each protomer consisting of three domains (1, 3) . The N-terminal domain (N-domain) is involved in ATP binding and hydrolysis (9) . A flexible linker of unknown function and variable length, referred to as the "charged linker," connects the N-domain to the middle domain (M-domain) (10, 11) . The M-domain plays a role in client and cochaperone binding (3, 12, 13) . The C-terminal domain (C-domain) is required for dimerization and also participates in client binding (1) (2) (3) 12) . Hsp90 undergoes conformational changes in response to ATP binding, hydrolysis, and ADP release (1, 3, 6, (14) (15) (16) . In the absence of ATP, the Hsp90 dimer acquires an open, V-shaped structure such that the protomers interact via the C-terminal dimerization domain (16) . When ATP is bound, the protein takes on a closed conformation with the two N-domains of the dimer interacting and a portion of the N-domain, the "lid," closing over the nucleotide in each protomer (16, 17) . Additional conformational changes occur upon ATP hydrolysis, resulting in a distinct compact ADP-bound conformation (14) (15) (16) . After ADP release, Hsp90 reverts to the open conformation (1, 3) . However, client protein binding and cochaperone interactions bias the conformational dynamics of Hsp90 and affect the residence time in the various conformations (1, 3, 4, 18) .
In the absence of cochaperones and Hsp70, Hsp90 functions in vitro in an ATP-independent manner as a holdase to prevent aggregation of some client proteins (19) (20) (21) . However, both in vivo and in vitro protein activation and reactivation by Hsp90 requires ATP hydrolysis by Hsp90. In addition, protein remodeling of some clients requires collaboration with the Hsp70 chaperone, Hsp90 cochaperones, and Hsp70 cochaperones (3, 7, (22) (23) (24) . In higher eukaryotes, the collaboration between Hsp90 and Hsp70 requires the participation of a bridging protein, Hop (Hsp70-Hsp90 organizing protein) (1, 3, 4) . Although yeast possess a Hop cochaperone homolog, Sti1, previous work from Lindquist and
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coworkers (25) and from Johnson and coworkers (26) showed that yeast Hsp90 associates with Hsp70 both in wild-type yeast cell lysates and in lysates of cells deleted for sti1. The results show that Sti1 is not required for the interaction between Hsp90 and Hsp70 and suggest that the two proteins interact directly. Unlike yeast, bacteria do not possess a Hop/Sti1 homolog, and bacterial Hsp90 and Hsp70 interact directly (27) (28) (29) . In Escherichia coli a region of the M-domain of Hsp90 is required for physical and functional interaction with the nucleotide-binding domain of the E. coli Hsp70, DnaK (28, 30) .
In this work, we tested if yeast Hsp90 interacts directly with yeast Hsp70 in vitro and found that the two chaperones physically interact in the absence of Hop/Sti1. Additionally, we identified a region in the M-domain of yeast Hsp90, homologous to the DnaKinteracting region of E. coli Hsp90 (Hsp90 Ec ) that is important for the interaction and for the functional collaboration between yeast Hsp90 and Hsp70.
Results
Yeast Hsp90 and Hsp70 Interact in Vitro. To test for a direct interaction between yeast Hsp90 and yeast Hsp70, we utilized an in vitro protein-protein interaction assay (pull-down assay). For these experiments, we used Hsp82, which is the yeast heat shockinducible Hsp90 homolog, and Ssa1, one of the several cytoplasmic yeast Hsp70 homologs. Ssa1 was chosen since it has been previously shown to function in vitro with Hsp82 (31, 32) . Biotinlabeled Hsp82 was incubated with Ssa1; protein complexes that bound NeutrAvidin agarose beads were eluted, separated by SDS/ PAGE, and visualized by Coomassie blue staining (Fig. 1A) . We observed Ssa1 associated with Hsp82, suggesting a direct physical interaction. As the concentration of Ssa1 was increased, more Ssa1 associated with Hsp82-biotin. In the absence of Hsp82, Ssa1 did not associate with the NeutrAvidin beads (Fig. 1A) .
To obtain an apparent binding constant for the Hsp82 and Ssa1 interaction, we used bio-layer interferometry (BLI). Biotinlabeled Hsp82 was immobilized on a streptavidin-coated biosensor, and Ssa1 binding was monitored at various concentrations of Ssa1 (2.5-70 μM) in the presence of ATP as described in Materials and Methods (Fig. 1B) . At high Ssa1 concentrations the binding curves were complex. Therefore, we used a steady-state analysis method and calculated a K d of 13 ± 5 μM (Fig. 1C) . The observed K d is consistent with the apparent K d of ∼13 μM previously determined for the Hsp90 Ec -DnaK interaction (30) . These results showing that Hsp82 and Ssa1 form a complex independent of other cochaperones are also consistent with weak interactions observed between Synechococcus elongates Hsp90 and Hsp70 (29) and mitochondrial Hsp90 (TRAP) and Hsp70 (Mortalin) (33) .
Predicted Yeast Hsp90-Hsp70 Interaction Region. We next wanted to determine the region of yeast Hsp90 important for the interaction with Hsp70. We had previously identified a region in the M-domain of Hsp90 Ec that was essential for interaction with DnaK (28) . A bacterial two-hybrid assay had been used as a screen for Hsp90 Ec mutants defective in interaction with DnaK in vivo. The mutant Hsp90 Ec proteins were then tested in vitro for the ability to interact with DnaK and were shown to be defective in direct interaction with DnaK. The four most defective Hsp90 Ec mutants contained substitutions in residues K238, G270, K354, and R355 ( Fig. 2A and shown on a model of Hsp90 Ec in Fig. 2B ) (28) . We postulated that the homologous region of yeast Hsp90 could also be important for interaction with yeast Hsp70 and therefore focused our attention on the residues in yeast Hsp90 that aligned with these Hsp90 Ec residues, Hsp82-P281, -G313, -K398, and -K399 ( Fig. 2A) . In addition, Hsp82-K394 was included in this study due to its surface-exposed position on the model of Hsp82 near K398 and K399 ( Fig. 2 A and C). These five residues are in the M-domain of Hsp82 and are on the surface in both the open model of the Hsp82 dimer and the closed structure of the dimer (Fig. 2C) (16, 17, 28) . Three of these residues are identical or conserved in Hsp90 Ec and Hsp82; the other two are nonconserved ( Fig. 2A and Fig. S1 ).
hsp82 and hsc82 Mutants in the Potential Ssa1 Interaction Region Exhibit Physiological Defects. Previously, mutations in yeast Hsp82-G313 (Fig. 2 A and C) , one of the five Hsp82 residues we postulated to be important for the interaction between Hsp82 and Hsp70, had been identified in two independent screens for hsp82 mutants that were temperature sensitive for growth when expressed as the sole source of Hsp90 (34, 35) . Moreover, a mutation of the Hsc82 residue homologous to Hsp82-G313S, Hsc82-G309S ( Fig. 2  A and D) , caused temperature sensitivity when expressed as the Various concentrations of Ssa1 (1.6, 3.2, 6.3, and 12.6 μM) were incubated in the presence and absence of Hsp82-biotin (2 μM). Proteins were captured on NeutrAvidin agarose and analyzed by Coomassie blue staining following SDS/PAGE as described in Materials and Methods. A representative gel from three independent experiments is shown. (B) The interaction between Hsp82 and Ssa1 was measured by BLI. The kinetics of association and dissociation were monitored at various concentrations of Ssa1 (2.5, 5, 10, 15, 20, 25, 30, 40, 50, 60 , and 70 μM) with Hsp82-biotin in the presence of ATP as described in Materials and Methods. The single exponential fit of the association at each concentration of Ssa1 was used to obtain the response plateau value. (C) The response value for each concentration of Ssa1 from B is plotted as a function of the concentration and fit using a one-site binding model in GraphPad Prism. The steady-state K d and B max were determined from the fit and are 13.3 ± 4.8 μM and 79 ± 9 pm, respectively.
only Hsp90 source (26) . Since Hsp82 and its isoform Hsc82 are very similar in sequence (Fig. S1 ) and function, these findings support the hypothesis that this region of Hsp82 is important for Hsp90 function.
Further support for the importance of this region of Hsp90 was gained when a screen for hsc82 temperature-sensitive mutants identified a substitution mutant in another residue predicted above to be involved in the Hsp90-Hsp70 interaction. An hsc82 library that was generated using error-prone PCR mutagenesis was screened for temperature-sensitive mutants; one of the 10 hsc82 mutants we obtained was in K394, which is homologous to Hsp82 residue K398 (Fig. 2 A and D) . Cells expressing this mutant protein, Hsc82-K394E, as the sole source of Hsp90, like those expressing Hsc82-G309S (Fig. 3A) (26) , grew similarly to the wild type at 30°C but were unable to grow at 37°C (Fig. 3A and Table S1 ). In control experiments, Hsc82-G309S and Hsc82-K394E were expressed at similar levels as the wild type at 30 and 37°C (Fig. S2A) .
We next constructed substitution mutations in the other yeast Hsp90 residues predicted to be important for Hsp70 interaction ( Fig. 2 A and C and Fig. S1 ), including hsp82-P281C, hsp82-K394C (not to be confused with Hsc82-K394E), and hsp82-K399C. These substitutions were made in Hsp82 since we had used Hsp82 to establish the direct interaction between yeast Hsp90 and Hsp70 (Fig. 1) . Cysteine substitutions were chosen because Hsp82 lacks cysteine residues, and it was anticipated that they would be useful in future experiments. The strains expressing the Hsp82 mutants grew similarly to the wild type at 30°C ( Fig. 3B and Table S1 ). However, at 37°C, cells expressing Hsp82-K399C as the only Hsp90 source were unable to grow (Fig. 3B ). Cells expressing Hsp82-K394C were able to grow at 37°C, although they grew more slowly than the wild type, suggesting a partial defect (Fig. 3B ). Cells expressing Hsp82-P281C grew similarly to the wild type at 37°C (Fig. 3B) . In control experiments, the three Hsp82 mutant strains expressed similar levels of Hsp82 as the wild-type strain at 30 and 37°C (Fig. S2B) . Together, these experiments and previous work (26, 34, 35) show that four of the five yeast Hsp90 residues that were hypothesized to be important for interaction with yeast Hsp70 are important or essential for growth at high temperature.
Previously, it had been shown that yeast sti1Δ strains expressing an Hsp90 mutant in one of our residues of interest, Hsp82-G313S or Hsc82-G309S, as the sole source of Hsp90 were unable to grow at the permissive temperature (25, 26) . Therefore, we tested our mutants, one in Hsc82 and three in Hsp82, for the ability to grow in the absence of Sti1. We observed that sti1Δ cells expressing Hsc82-K394E, like cells expressing Hsc82-G309S, were unable to grow at 30°C ( Fig. 3C and Table S1 ) (26) . Similarly, sti1Δ cells expressing Hsp82-K399C were nonviable at 30°C (Fig. 3D ). sti1Δ cells expressing Hsp82-K394C grew at 30°C; however, the growth rate was significantly reduced compared with cells expressing wildtype Hsp82 (Fig. 3 D and E). sti1Δ cells expressing Hsp82-P281C grew similarly to cells expressing the wild type ( Fig. 3 D and E) . Taken together, four of the five mutants containing substitutions in Hsp90 residues predicted to be important for interaction with Ssa1 exhibited a growth defect in the absence of Sti1.
Interestingly, the three yeast mutants with substitutions in residues conserved in E. coli (Hsc82-G309S/Hsp82-G313S, Hsc82-K394E, and Hsp82-K399C) were very defective in vivo ( Fig. 2A and Table S1 ), while the two yeast mutants in residues not conserved in E. coli were only partially defective (Hsp82-K394C) or were like the wild type (Hsp82-P281C).
Next, the ability of the Hsp82 mutants to perform specific protein-remodeling activity in vivo was assessed by monitoring mammalian glucocorticoid receptor (GR) maturation (36) . Strains expressing the Hsp82 mutant proteins were transformed with a plasmid that constitutively expresses GR and carries a glucocorticoidregulated lacZ reporter gene. Using this assay, prior work showed that cells expressing Hsp82-G313S exhibited ∼25% the level of GR activity compared with cells expressing wild-type Hsp82 (35) . We observed that cells expressing Hsp82-K399C also exhibited ∼25% the level of GR activity as cells expressing wild-type Hsp82, and cells expressing Hsp82-K394C displayed ∼80% of the GR activity of the wild-type Hsp82-expressing cells ( Fig. 3F and Table S1 ). The activity of Hsp82-P281C-expressing cells was indistinguishable from cells expressing wild-type Hsp82 in this assay (Fig. 3F) . These results . In B, a surface-rendered model of the crystal structure of the Hsp90 Ec dimer in the apo form (PDB ID code 2IOQ) (16) with the C-terminal domains aligned to the crystal structure of the isolated C-domain (PDB ID code 1SF8) (64) generated using PyMOL (https://pymol.org/2/). In C and D, models were constructed as described in Materials and Methods. Several C-terminal amino acid residues of Hsp82 (676-709) and Hsc82 (670-705) were excluded due to the uncertainty in the predicted structure (see Materials and Methods). In B-D, one protomer of each dimer is gray, and the other is colored.
suggest that Hsp82 mutations in K394 and K399 cause defects in chaperone function in vivo.
Yeast Hsp90 Mutants Are Defective in Interaction with Hsp70 in Cell
Lysates. We next tested if the Hsp90 mutants were defective in their ability to interact with Ssa1 in cell lysates. One mutant, Hsc82-G309S, had been previously shown to interact less well with Ssa1 than wild-type Hsc82 by a pull-down assay using cell lysates (26) . To test if our other Hsc82 and Hsp82 mutant proteins were also defective, we constructed His-tagged fusions of the mutant proteins. The wild-type or mutant proteins were expressed as the only Hsp90 source in the yeast cells, and pulldown assays were performed. Complexes containing His-Hsc82 or His-Hsp82 wild-type or mutant proteins were isolated from crude lysates using metal affinity resin and were separated by SDS/PAGE followed by Coomassie staining and immunoblot analysis. Hsc82-K394E bound ∼50% less Ssa1 than wild-type Hsc82, and Hsc82-G309S bound ∼35% less (Fig. 4 A and B and Table S1 ) (26) . Hsp82-K399C bound ∼50% less, and Hsp82-K394C bound ∼40% less Ssa1 than wild-type Hsp82 (Fig. 4 C and D and Table S1 ). Hsp82-P281C interacted with Ssa1 similarly to wild-type Hsp82 (Fig. 4 C and D and Table S1 ). Thus the four mutants that were defective for Hsp90 function in vivo were defective in Ssa1 interaction in cell lysates.
Hsp90 Mutant Proteins Are Defective in Interaction with Yeast
Hsp70 in Vitro. To determine if the Hsp90 mutant proteins that were defective in interaction with Ssa1 in vivo were defective in vitro, substitution mutations of Hsp82, including P281C, G313S, K394C, K398E, and K399C, were introduced into pET-His 6 -Hsp82 and were expressed in E. coli (shown in the model in Fig.  2C ). Hsp82-K398 and Hsp82-G313 are homologous to Hsc82-K394 and -G309, respectively ( Fig. 2A) . The mutant proteins were purified and shown to have physical properties similar to those of the wild-type protein, including size-exclusion elution profiles and partial protease digestion patterns (Fig. S3 A and B) . In addition, all the mutant proteins were able to hydrolyze ATP (Fig. S3C and Table S2 ); however, Hsp82-P281C and Hsp82-K399C hydrolyzed ATP at ∼65% and ∼80% the rate of wildtype protein, respectively. The significance of these differences is Data from three replicates are presented as mean ± SD. *P < 0.05, ****P ≤ 0.0001 (ANOVA; see Materials and Methods). In A-E, representatives of at least three independent experiments are shown.
not known, since a direct relationship has not been observed between the rate of ATP hydrolysis and activities of Hsp90 (37) . We biotinylated each of the five Hsp82 mutant proteins and monitored the ability of the mutant proteins to interact directly with Ssa1 in the pull-down assay that was used to show interaction between wild-type Hsp82 and Ssa1 in vitro (see Materials and Methods and Fig. 1A) . Four of the Hsp82 mutants, G313S, K394C, K398E, and K399C, bound less Ssa1 than the wild-type protein (Fig. 5A and Table S2 ), retaining 20-45% the amount of Ssa1 as wild-type Hsp82 (Fig. 5B) . Hsp82-P281C and wild-type Hsp82 bind similar amounts of Ssa1 (Fig. 5 A and B) . Thus, the same four yeast Hsp90 mutants that were defective in Ssa1 interaction in cell lysates were defective in binary interaction with Ssa1 using purified proteins.
We also monitored the direct interaction between Hsp82 and Ssa1 using BLI. For these experiments, the biotinylated Hsp82 mutant proteins were loaded onto biosensors to the same response level (Fig. S4 A and B) , and Ssa1 binding was measured using a concentration of Ssa1 (60 μM) that was saturating for wild-type Hsp82 (Fig. 5C and Table S2 ). We observed that the Hsp82 mutants that were the most defective for interaction with Ssa1 in the pull-down assay, including G313S, K394C, K398E, and K399C, were the most defective in interaction with Ssa1 as monitored by BLI (Fig. 5) . Hsp82-P281C appeared slightly defective compared with the wild-type protein in this assay (Fig.  5C) . In control experiments, all five mutants bound Sti1 similarly to wild-type Hsp82 in this assay (Fig. S4C) . Taken together, these results show that this region of the Hsp82 M-domain is important for direct interaction with Ssa1. These residues may participate in the direct interaction between the two chaperones or may be important for a conformational change in Hsp82 necessary for the interaction with Ssa1 elsewhere on Hsp82.
Hsp82 Mutants That Are Defective in Interaction with Ssa1 Are
Defective in Protein Reactivation in Vitro. We next wanted to assess if the Hsp82 mutants collaborated functionally with Ssa1 in vitro. For these experiments a model system, reactivation of heat-inactivated luciferase, was used. The reactivation assay was optimized to show the maximal stimulation by Hsp82 in mixtures containing Ssa1, Sis1, and Sti1. Hsp82 stimulated luciferase reactivation approximately threefold over the rate of luciferase refolding by Ssa1, Sis1, and Sti1 ( Fig. 6A and Table S2 ). In control experiments Hsp82, Ssa1, and Sis1 were unable to stimulate reactivation in the absence of Sti1 (Fig. 6A) . Additional controls showed that each of the four components was required for maximal luciferase reactivation (Fig. S5) . Also, reactivation by Hsp82, Ssa1, Sis1, and Sti1 was inhibited by geldanamycin, a specific Hsp90 inhibitor (Fig. S5) . When we tested the Hsp82 mutants for the ability to collaborate with Ssa1, Sis1, and Sti1 in luciferase reactivation, we found that Hsp82-K399C, -K398E, -K394C, and -G313S were unable to stimulate luciferase reactivation (Fig. 6 B-E) . Hsp82-P281C reactivated luciferase with Ssa1, Sis1, and Sti1 at a rate similar to wild-type Hsp82 (Fig. 6 A and F) . Thus, the mutants that were defective in direct binding to Ssa1 were also defective in functional collaboration with Ssa1.
Hsp82 Mutant Proteins Are Defective in Complex Formation with
Ssa1 and Sti1. It is well established that Hop/Sti1 interacts with Hsp90 and Hsp70, thereby facilitating a stable Hsp90-Hop/Sti1-Hsp70 complex (3, 4, 38, 39) . In addition, the observation that Sti1 was essential for growth of three of the Hsc82 and Hsp82 mutants at 30°C (Fig. 3 C and D) suggested that Sti1 might compensate for the defective interaction between Ssa1 and the Hsp82 mutant proteins. To explore this possibility, we examined the effect of Sti1 on the interaction between the Hsp82 mutant proteins and Ssa1 in vitro.
In control experiments, the biotinylated Hsp82 mutants and the wild-type protein bound Sti1 similarly in pull-down assays, as was observed by BLI (Fig. 7A, Fig. S4C , and Table S2 ). In addition, the ATPase activity of the Hsp82 mutant proteins was inhibited by Sti1 (Fig. 7B) , as has been shown for the wild-type protein (40, 41) . These results suggest that the Hsp82 mutant proteins are not defective in physical or functional interaction with Sti1 and are consistent with the pull-down experiments in cell lysates (Fig. 4) . Using in vitro pull-down assays, we observed that more Ssa1 was bound by wild-type Hsp82 in the presence of Sti1 than in the absence of Sti1 (Fig. 7C) . However, less Ssa1 was associated with Hsp82-G313S, -K394C, -K398E, and -K399C compared with the wild-type protein in the presence of Sti1 (Fig.  7 C and E and Table S2 ). Hsp82-P281C and the wild-type protein retained similar amounts of Ssa1 in the presence of Sti1 (Fig.  7 C and E) . The results show that the Hsp82 residues that are important for the direct interaction with Ssa1 are also important for the ternary complex involving Hsp82, Sti1, and Ssa1. Together with the in vivo data showing that Sti1 is essential in cells expressing Hsc82-G309S, Hsc82-K394E, or Hsp82-K399C, these data suggest that Sti1 stabilizes the interaction between Ssa1 and Hsc82-G309S, Hsc82-K394E, and Hsp82-K399C sufficiently to allow the mutant proteins to promote viability.
Involvement of Hsp40 in Ssa1-Sti1-Hsp82 Wild-Type or Mutant
Complex Formation. In previous experiments, it was shown that Hsp40 cochaperones, in substoichiometric concentrations, facilitate complex formation among Hsp90, Hsp70, and Hop/Sti1 (42) (43) (44) (45) . Therefore, we wanted to test if the mutant Hsp82 proteins were defective in forming complexes with Ssa1 in the presence of Hsp40 in addition to Sti1. Using a pull-down assay, we observed that significantly less Ssa1 associated with wild-type Hsp82 and Sti1 in the presence of ATP than in the absence of ATP (Fig. 7D and Fig. S6A ). Moreover, in the presence of ATP and Sti1, Hsp40 proteins, including Ydj1, Sis1, or DnaJ, stimulated the association of Ssa1 with Hsp82 ( Fig. 7D and Fig. S6A ). In the absence of ATP, Hsp40 did not significantly affect the association of Ssa1 with wildtype Hsp82 in the presence of Sti1 (Fig. S6B) .
When we tested the Hsp82 mutants for ability to interact with Ssa1 in the presence of ATP, Ydj1, and Sti1, we observed that Hsp82-G313S, -K394C, -K398E, and -K399C were partially defective in complex formation compared with the wild-type protein, while P281C was like the wild type (Fig. 7 D and F and  Table S2 ). These results suggest that the same residues that are important for Hsp82-Sti1-Ssa1 complex formation in the absence of ATP are also important for complex formation facilitated by Ydj1 in the presence of ATP.
Discussion
In this work we showed that yeast Hsp90 and Hsp70 interact directly and that yeast mutants with substitutions in a surfaceexposed region of the M-domain of Hsp82 are defective in functional and physical interaction with Ssa1 in vivo and in vitro. The simplest interpretation of these results is that yeast Hsp90 and Hsp70 interact directly via this surface on the Mdomain. These Hsp82 residues align with residues on Hsp90 Ec that were previously shown to be important for binding DnaK (30) . Another interpretation of the results is that the Hsp90 region identified as important for interaction with Hsp70 might be involved in conformational changes that alter the binding to Hsp70 at a different site.
To visualize the potential direct interaction between the M-domain of Hsp82 and Ssa1, we made a docked model of the two chaperones (Fig. 8) . (1 μM) and Ssa1 (4 μM) was measured in a pull-down assay as described in Materials and Methods. The proteins were analyzed by SDS/PAGE and visualized by Coomassie staining; the gel shown is a representative of at least three independent experiments. (B) Quantification of Ssa1 bound to wildtype or mutant Hsp82-biotin from A. The ratio of Ssa1 bound to each of the biotin-labeled Hsp82 mutants relative to wild-type Hsp82 is presented as mean ± SEM. (C) The kinetics of association and dissociation for the interaction between 60 μM Ssa1 and biotinylated wild-type (black) or mutant (colored) Hsp82 was monitored by BLI as described in Materials and Methods. Representative curves are shown for three or more independent experiments.
based on the homology between Hsp82 and Hsp90 Ec and between Ssa1 and DnaK. Next, the two models were docked, and the top model that included the region identified here by mutation was selected (Materials and Methods and Fig. 8) . The model shows the M-domain of Hsp82 interacting with the nucleotidebinding domain of Ssa1. Due to the homology between Ssa1 and DnaK, the region on Ssa1 that interacts with Hsp82 may also be involved in interactions with Hsp40 and with the Ssa1 substratebinding domain, as has been observed for the homologous region of DnaK (46) (47) (48) (49) (50) .
The region of the Hsp90 M-domain we identified to be important for interacting with Ssa1 has also been shown to be involved in binding other cochaperones and client proteins. Based on structural studies, Hsp82-K394, -K398, and -K399 are implicated in binding both Aha1 and Sba1 cochaperones (3, 6, 17, 51) . Furthermore, residues of Hsp90β homologous to Hsp82-K394 and -K399 were shown to interact with the cochaperone Cdc37 during the formation of the Hsp90-Cdc37-Cdk4 ternary complex (52) . Just as Hsp70 recruits client proteins to Hsp90, the cochaperone Cdc37 is hypothesized to bind the Cdk4 kinase and then interact with Hsp90 to promote substrate transfer (52) . Therefore, this region on the M-domain of Hsp90 may be involved in the transfer of client proteins from cochaperones to the client-binding site of Hsp90. Additionally, client proteins such as Tau, p53, and Cdk4 bind in regions of the Hsp90 M-domain that include or are located near the region important for binding Ssa1 (3). These results suggest that there is a multiprotein binding site on the M-domain of Hsp90 and that collaboration between Hsp70 and Hsp90 in protein remodeling may be modulated through competition between Hsp70 and additional proteins for the interaction surface.
Previous studies have characterized multiprotein assemblies that involve various combinations of Hsp90, Hsp70, Hop/Sti1, and client proteins (3, 6, (42) (43) (44) (45) 52) . In recent reports, cryoelectron microscopy, electron microscopy, or chemical crosslinking followed by mass spectrometry were used to resolve complexes involving Hsp90, Hsp70, Hop, and a fragment of the GR (42, 44, 45, 52) . However, the conformational states of the chaperones and the sites of interaction between the various components differ in the various reports. One interpretation of the apparent discrepancies in the arrangements of the proteins in the multiprotein complexes is that the various methods have captured different steps in the pathway of protein remodeling.
In summary, much progress has been made in recent years toward understanding the transient and dynamic physical interactions between Hsp90 and its interacting proteins, including the Hsp70 chaperone, Hsp90 cochaperones, and client proteins, during the process of protein remodeling. The information gained from these studies will be invaluable in designing inhibitors that target Hsp90 and its interacting proteins for the treatment of diseases, including cancer and diseases associated with protein misfolding.
Materials and Methods
Yeast Strains, Plasmids, and Growth Conditions. In studies with HSP82 and hsp82 mutants, yeast strains were derived from MR318 (53) . Strain 1670 is identical to MR318 but is also sti1::HIS3. It was created through standard yeast genetic techniques (54) . Strains used in this study were made via plasmid shuffling as described (12) . In studies with HSC82 and hsc82 mutants, the strains were derived from W303, JJ816 (MATa hsc82:: LEU2 hsp82::LEU2/ YeP24-HSP82), and JJ832 (MATa hsc82::LEU2 hsp82::LEU2 sti1::MET2/YeP24-HSP82) (55) . Except where indicated, standard growth medium and conditions were used (54) .
Generation of hsc82 Mutants. The hsc82-K394E mutation was identified in a genetic screen. We constructed a library of hsc82 alleles using error-prone PCR. Plasmids expressing mutant hsc82 were screened for the inability to The interaction between wild-type or mutant biotin-labeled Hsp82 (1 μM) and Sti1 (0.5 μM) was monitored using a pull-down assay and analyzed by Coomassie blue staining following SDS/PAGE as described in Materials and Methods. (B) ATP hydrolysis by wild-type or mutant Hsp82 was measured in the absence or presence of increasing concentrations of Sti1, and the percent of inhibition by Sti1 is shown. In the absence of Sti1 (0% inhibition) the rate of ATP hydrolysis is 0.11 ± 0.007 nmol/min for wild-type Hsp82, 0.086 ± 0.008 nmol/min for Hsp82-P281C, 0.12 ± 0.002 nmol/min for Hsp82-G313S, 0.12 ± 0.01 nmol/min for Hsp82-K394C, 0.11 ± 0.007 nmol/min for Hsp82-K398E, and 0.09 ± 0.01 nmol/min for Hsp82-K399C support growth of an hsc82hsp82/YeP24-HSP82 strain at 37°C on medium containing 5-fluoroorotic acid (5-FOA) using the plasmid-shuffle method.
One of the mutants obtained was hsc82-K394E. This mutation was verified by DNA sequencing.
In Vivo His 6 -Hsc82 and His 6 -Hsp82 Protein-Protein Interaction Assay. His 6 -Hsc82 (56) and His 6 -Hsp82 (53) complexes were isolated from yeast cells grown at 30°C and lysated as described. Samples were separated by SDS/ PAGE and were either stained with Coomassie blue or transferred to PVDF membranes and blotted with antibodies specific to Hsp82 (Enzo ADI-SPA-840) (57), Hsc82 (generated in the J.L.J. laboratory), Hsp70 (Enzo ADI-SPA-757), Ssa1 (a gift from E. Craig, University of Wisconsin, Madison, WI), or Sti1 (generated in the J.L.J. laboratory or the D.C.M. laboratory) (58) . Prism 7.0a for Mac (GraphPad Software, https://www.graphpad.com/) was used for statistical analyses. One-way ANOVA followed by Dunnett's multiple comparisons test was used to establish significant differences (P < 0.05).
In Vivo Glucocorticoid Maturation Assay. The assay was performed as previously described (53) . Briefly, 5-FOA-resistant STI1 cells expressing the indicated hsp82 allele were transformed with plasmids encoding the rat GR and β-galactosidase driven by a glucocorticoid response element. Log-phase liquid cultures were incubated at 30°C for 5 h with 10 μM deoxycorticosterone, and the β-galactosidase activity was measured. Prism 7.0a for Mac (GraphPad Software) was used for statistical analyses. One-way ANOVA followed by Dunnett's multiple comparisons test was used to establish significant differences (P < 0.05).
Proteins. Substitution mutations of Hsp82 were introduced into pET24b-Hsp82 with the QuikChange Lightning Mutagenesis Kit (Agilent). All mutations were verified by DNA sequencing. Hsp82 wild-type and mutant proteins were purified as previously described (12) . Sis1 was purified as described (24) with minor modifications. Briefly, following chromatography using an SPSepharose Fast Flow column (GE Healthcare), Sis1 was chromatographed on a Sephacryl S-200 column (GE Healthcare) in 20 mM Mes (pH 6.0), 0.1 mM EDTA, and 500 mM NaCl. Ydj1 and Ssa1 were purified as described (59, 60) . All proteins were >95% pure as determined by SDS/PAGE. Concentrations given are for Hsp82, Ydj1, and Sis1 dimers and for Ssa1, Sti1, and luciferase monomers. Hsp82 was labeled using a 1.5-fold excess of NHS-PEG4-Biotin (Thermo Scientific, Life Technologies). Excess biotin reagent was removed using 7K molecular weight cut off Zeba Spin Desalting Columns (Thermo Scientific).
Luciferase Reactivation. Luciferase reactivation was performed as previously described (12) . Heat-denatured luciferase (20 nM), prepared as described (27) , was incubated at 24°C in reaction mixtures (75 μL) containing 25 mM Hepes (pH 7.5), 50 mM KCl, 0.1 mM EDTA, 2 mM DTT, 10 mM MgCl 2 , 50 μg/mL BSA, 1 mM ATP, an ATP-regenerating system (25 mM creatine phosphate, 6 μg creatine kinase), 2 μM Ssa1, 0.4 μM Sis1, 0.2 μM Sti1, and 0.5 μM wild-type or mutant Hsp82, as indicated. Aliquots were removed at the indicated times, and light output was measured using a Tecan Infinite M200Pro in luminescence mode with an integration time of 1,000 ms following the injection of luciferin (50 μg/mL). Reactivation was determined compared with a non-denatured luciferase control. Luciferase and luciferin were from Promega.
ATPase Activity. Steady-state ATP hydrolysis was measured at 37°C in 25 mM Hepes (pH 7.5), 20 mM KCl, 5 mM DTT, 5 mM MgCl 2 , and 2 mM ATP using a pyruvate kinase/lactate dehydrogenase enzyme-coupled assay as described (14) and using 1 μM wild-type or mutant Hsp82 and cochaperone concentrations as indicated.
BLI Assay. BLI was used to monitor the interaction between Hsp82 and Ssa1 using a ForteBio Octet RED96 instrument and streptavidin biosensors at 30°C. Each assay step was 200 μL containing BLI buffer [20 mM Tris (pH 7.5), 25 mM NaCl, 0.01% Triton X-100 (vol/vol), 0.02% Tween-20 (vol/vol), 1 mg/mL BSA, 1 mM ATP, and 10 mM MgCl 2 ]. Wild-type and mutant Hsp82-biotin was loaded on the biosensors to a BLI response signal of 1.1 nm. The biosensors were blocked in BLI buffer containing 10 μg/mL biocytin (Sigma) for 1 min, and a baseline was established in BLI buffer alone. Association of Ssa1 (2.5-70 μM) with the Hsp82-biotin-bound sensor tip in BLI buffer was monitored over time. Last, dissociation was monitored in BLI buffer alone. For each experiment, nonspecific binding was monitored using a reference biosensor subjected to each of the above steps in the absence of biotinylated Hsp82, and the nonspecific binding signal was subtracted from the corresponding experiment. For steady-state analysis of kinetic association data, the association curve at each Ssa1 concentration was fit using a single exponential equation without constraints in Prism 7.0a for Mac (GraphPad Software), and the plateau value determined from the fit was plotted versus the concentration of Ssa1. The resulting binding curve was analyzed using a one-site specific binding model in Prism to determine the K d (equilibrium binding constant) and B max (maximum specific binding) values.
In Vitro Protein-Protein Interaction Assay. Interaction of Hsp82 with Ssa1 with or without Sti1 was measured using a pull-down assay. Wild-type or mutant Hsp82-biotin (1 μM) was incubated for 5 min at 23°C in reaction mixtures (50 μL) containing PD buffer [20 mM Tris·HCl (pH 7.5), 50 mM KCl, 5% glycerol (vol/vol), 0.01% Triton X-100 (vol/vol), 2 mM DTT] with Ssa1 and/or Sti1 as indicated. NeutrAvidin agarose (40 μL; 1:1 slurry) (Thermo Scientific, Pierce) was then added and incubated for 5 min at 23°C with mixing. The reactions were diluted with 0.4 mL PD buffer and centrifuged for 1 min at 1,000 × g, and the recovered agarose beads were washed once with 0.4 mL PD buffer. Bound proteins were eluted with buffer containing 2 M NaCl and analyzed by Coomassie blue staining following SDS/PAGE. For assays in the presence of Ydj1 and ATP, reactions mixtures contained 10 mM MgCl 2 and 2 mM ATP where indicated and were incubated in the presence of NeutrAvidin agarose for 10 min at 30°C with mixing. Reactions mixtures were centrifuged for 1 min at 1,000 × g, and the recovered agarose beads were washed twice with 0.5 mL PD buffer and processed as above. Where indicated, protein band intensities from replicate gels were quantified using ImageJ (https://imagej.nih.gov/ij/). The ratio of Ssa1 bound to each of the Hsp82-biotin mutants relative to Ssa1 bound to wild-type Hsp82-biotin was calculated and plotted.
Modeling Ssa1-Hsp82 Interaction. Starting with the ADP-bound conformation of DnaK [Protein Data Bank (PDB ID code 2KHO] (61) or, separately, the apo conformation of Hsp90 Ec (PDB ID code 2IOQ) (16), we constructed homology models of the yeast proteins Ssa1, Hsp82, and Hsc82 using the I-TASSER structure-prediction software (62) . To generate dimer structures of Hsp82 and Hsc82, two copies of each resulting full-length monomer were then oriented as to minimize the rmsd with each monomer of the Hsp90 Ec dimer. The predicted structures of Ssa1, Hsp82, and Hsc82 were very similar to the E. coli homologs, with rmsd values of ∼1.5 Å. The resulting structures of Hsp82 and Hsc82 predicted that the MEEVD-containing regions were disordered and protruded from the organized portion of the C-terminal domains. Similarly, the VEEVD-containing region of Ssa1 was also disordered and protruded from the C terminus. Since these disordered termini clashed with domains within the protein (either the substrate binding domain of Ssa1 or the dimerization domain of Hsp82 or Hsc82), the disordered regions were truncated beginning at residue 611 of Ssa1, residue 676 of Hsp82, or residue 670 of Hsc82. Hsp82-Ssa1 complexes were generated using ClusPro (63) without restraining the interaction between Ssa1 and Hsp82, as described previously (30) . The resulting models were then filtered based on the Hsp82 residues tested and found defective in this study. Hsp82 Fig. 8 . Modeled interaction between Hsp82 and Ssa1. Computational docking of homology models of apo-Hsp82 and ADP-bound Ssa1 was carried out using ClusPro as described in Materials and Methods. Hsp82 is shown as a surface rendering with one protomer in magenta and the other in wheat.
The residues tested in this study are shown in red. Ssa1 is shown as a ribbon model with the nucleotide-binding and substrate-binding domains colored blue and gray, respectively.
